X-ray penumbral imaging has been successfully fielded on a variety of inertial confinement fusion (ICF) capsule implosion experiments on the National Ignition Facility (NIF). We have demonstrated sub-5 µm resolution imaging of stagnated plasma cores (hot spots) at x-ray energies from 6 to 30 keV 1,2 . These measurements are crucial for improving our understanding of the hot deuterium-tritium fuel assembly, which can be affected by various mechanisms, including complex 3-D perturbations caused by the support tent, fill tube or capsule surface roughness. Here we present the progress on several approaches to improve x-ray penumbral imaging experiments on the NIF. We will discuss experimental setups that include penumbral imaging from multiple lines-of-sight, target mounted penumbral apertures and variably filtered penumbral images. Such setups will improve the signal-to-noise ratio and the spatial imaging resolution, with the goal of enabling spatially resolved measurements of the hot spot electron temperature and material mix in ICF implosions.
INTRODUCTION
Inertial confinement fusion (ICF) is the pursuit of energy gain by inertially compressing a fusion fuel (typically deuterium-tritium, DT) to pressures, densities and temperatures that initiate a fusion igniting thermonuclear burn wave 3 . As such, it is crucial to diagnose these thermophysical properties as well as the scale, composition and structure of the fusion plasma. This enables our understanding of the plasma condition with regard to experimentally set initial conditions (e.g. laser drive, target geometry, target materials, hot electron preheat) which is necessary to identify potential paths to ignition [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . While a variety of new diagnostic capabilities devoted to improving our understanding of ICF is currently developed for the National Ignition Facility (NIF) [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] , conventional Fraunhofer and photon limited pinhole imaging has historically been the main x-ray imaging diagnostic, which provides a few resolution elements for high convergence DT hot spots with a typical spatial resolution of about 14 µm and ~10 keV x-ray energy. To better characterize ICF hot spot plasmas, we developed x-ray penumbral imaging 1, 2 as an alternative hot spot imaging diagnostic. It allows us to image hot spots with sub-5 µm resolution, while simultaneously increasing the detected photon yield. This is achieved by increasing the pinhole size beyond the hot spot diameter, thus encoding the spatial plasma emission distribution within the penumbra of the resulting penumbral image (see Figure 1 ). The encoded penumbral image can then be decoded using various techniques [33] [34] [35] [36] [37] [38] to yield the original source emission distribution. Using the inverse Radon transform, as for example implemented in standard computed tomography algorithms, the solution can be found to be unique, no assumptions have to be made about the source distribution (other than the source extent to be smaller than the aperture size) and the reconstruction is numerically well behaved as has been shown previously 2 . The other advantage of the larger aperture size is that the increased measureable photon yield increases the spectrally accessible range of x-ray energies from 10 keV to above 15 keV, where the optical opacity of the capsule ablator becomes negligible. X-ray imaging above 15 keV is important for obtaining a clear view of the hot spot without being obstructed by the spatially varying shell areal density. This is key for spatially resolved hot spot temperature measurements as otherwise temperature results will be skewed by a spatially varying areal shell density. The increased spectral fidelity also enables the use of x-ray filters tailored to investigate mix in ICF implosions which can manifest itself via line emission from the various high-Z dopants used in the shells of those implosions. In what follows, we will give an overview of the current and future experimental configurations that will allow to do these measurements. We describe the various x-ray filtration designs that will be used to determine spatially resolved temperature and mix measurements and describe the limitations of the penumbral imaging setups in terms of spatial resolution. Figure 2 shows a schematic cross section of the NIF target chamber indicating current and potential future penumbral imaging lines-of-sight (LoS). Penumbral imaging can currently be fielded from three equatorial LoS using the equatorial Diagnostic Instrument Manipulator (DIM) located at NIF target chamber coordinate 90-78. A new x-ray snout design enables simultaneous x-ray penumbral imaging measurements from 90-78, 90-89 and 90-100 (see Figure 3 ). This new xray snout nose cap design also allows for simultaneous penumbral and continuum spectrum measurements with the new NIF continuum spectrometer 19 . Similar to the 90-78 LoS, penumbral imaging can be also fielded from the polar DIM (PDIM). Both, 90-78 and PDIM penumbral imaging are using SR-type image plates 39 as detectors and can be combined with regular time-resolved pinhole imaging using gated x-ray detectors (GXDs, ~100 ps time resolution), when fielded together during a shot, giving orthogonal views on the self-emitting hot spot. Here a magnification of M = 11 is typically used with a target chamber center (TCC) to pinhole distance of a = 100 mm. Both, 90-78 and PDIM LoS currently allow for penumbral imaging in three spectral intervals (see section 4.) with the main goal of spatially averaged temperature measurements. With standard diagnostic alignment accuracy two to three penumbral images per x-ray channel are obtained for each LoS. Approximately 22 degrees from 90-78 is the dilation x-ray imager 40 (DIXI, 90-100, 20-30 ps time resolution) which enables time-resolved pinhole and penumbral imaging and time-integrated penumbral imaging using SR-type image plate detectors. The magnification for time integrated penumbral imaging is M = 59 and M = 64 for time resolved imaging with a TCC to pinhole distance of a = 100 mm. 90-100 LoS currently allows for simultaneous penumbral imaging in four to five spectral intervals which are tailored for both temperature and mix measurements. Here, typically four to nine penumbral images are obtained per x-ray channel. In between 90-78 and DIXI is the new ARIANE penumbral imager (see Figure 3 ) which is using part of the original ARIANE diagnostic 41 and is designed to maximize the number of measureable penumbral images. The previously installed chamber port and gate valve were replaced with a large, 12 inch inner diameter gate valve and a new filter-image-plate (FIP) assembly allows to make use of the entire 12 inch (~305 mm) inner diameter although the Figure 3c )-e), a total of 437 penumbral images with a 100 µm target field-of-view, 199 penumbral images with a 150 µm target field-ofview and 105 penumbral images with a 200 µm target field of view can be obtained by choosing between 3 available penumbral aperture substrates. The ARIANE penumbral imager is designed to enable spatially resolved temperature and mix measurements. Penumbral imaging could also be fielded in the future using the 90-315 CNXI line-of-sight. Two new target and diagnostic positioners 42 (TANDMs) are currently in the design / commissioning phase and could be also used for penumbral imaging. Finally, target mounted apertures will improve spatial resolution by minimizing Fresnel diffraction on the edge of the apertures (see section 5).
PENUMBRAL IMAGING CONFIGURATIONS ON THE NIF

PENUMBRAL APERTURE METROLOGY AND ANALYSIS
Aperture substrates for x-ray penumbral imaging are made by laser cutting 75 µm thick Tungsten foils. Each aperture of each substrate is metrologized via x-ray contact radiography (see Figure 4) . Some substrates have been also characterized via SEM imaging (Figure 4a) ). SEM images of the apertures show a barrel shaped, tapered edge that extends about 5 µm, which has a resolution limiting effect that is comparable or smaller to the parallax introduced by imaging through apertures which are offset from the central imaging axis. A combination of the tapered edge and parallax leads to an additional blurring of the penumbral images due to grazing incident x-rays on the edge of the aperture (compare Figure 1 ). With the setups described here this additional blurring limits the spatial resolution to about L = 500 -700 nm (for 5 mean free paths at 17 keV x-ray energy) and is therefore negligible in comparison to other resolution limiting effects (see section 5). Another resolution limiting effect is the aperture circularity, since the employed image reconstruction method assumes circular apertures. A deviation from circularity effectively reduces the spatial imaging resolution. We estimate this by calculating the average full width at half maximum (fwhm) deviation of the aperture edge from a circle. This can be done by analyzing the x-ray contact radiographs shown in Figure 4b-c) . Each aperture and its center is detected via a circular Hough transform 43 (see Figure 5a ). As displayed in Figure 5b ), the contact radiograph is then azimuthally unfolded around its detected center location. In order to detect the steepest gradient along the pinhole radius, which measures the variation in aperture edge location, a derivative along the radial direction is calculated ( Figure 5c ) and then located via the minimum contour (Figure 5d ). This procedure is repeated for each aperture on each substrate, as shown in Figure 5e ). Here, some systematic variations in the aperture circularity become visible, which are related to the manufacturing process. The fwhm can then be calculated for the variation of the pinhole edge location of each pinhole. This is shown in Figure 6a ) for one pinhole substrate. Figure 6b) shows a histogram of the fwhm of each pinhole. On average the fwhm is typically around <DD(q)> = 1.3 µm for the pinholes used for x-ray penumbral imaging. This average will be used for estimating the reduction in spatial imaging resolution (see section 5). 
X-RAY FILTRATION AND SPECTRAL SYSTEM RESPONSE
In order to determine electron temperatures and ablator-fuel mix in ICF implosions, we use various x-ray filters to access different parts of the hot spot emission spectrum. The spectral transmission curves 44 and spectral image contents of the typically used x-ray channels are shown in Figure 7 and 8. Figure 7 shows the x-ray filtration setups enabling temperature measurements. Here, it is important to measure in a spectral regime where the opacity of the ablator becomes negligible, which occurs approximately above 15 keV as shown in Figure 7a ). While little opacity remains above 15keV, the residual effect on temperature can be addressed by measurements of the spatially averaged ablator transmission. For typical NIF implosions, the optical depth at 11 keV is t = 0.3 for high-density carbon (HDC) implosions (shown in Figure 7a ), in-between t = 0 and t = 0.3 for symcap implosions, t = 0.5 to t = 0.6 for high-foot implosions and t = 1 to t = 1.5 for low-foot implosions. As the opacity scales with x-ray energy, the average ablator transmission Tr Abl can be calculated for any x-ray energy x (in keV) by Tr Abl (x) = exp(-t*(11 keV/x)^3). The ablator transmission spectrum and its uncertainty can either be included in the temperature calculation by folding it in the spectral system response curves (Figure 7 b) and d) ) and calculating ratios of emission coefficients using two x-ray channels or it can be independently inferred by calculating ratios of emission coefficients from three x-ray channels and solving for both temperature 45 and ablator optical depth. The latter is particularly useful for spatially resolved temperature measurements as optical depth can spatially vary throughout the ablator. Note, that all of these methods require an assumption or measurement 19 of the emitting spectral shape. In ICF implosions a good assumption for this is a Bremsstrahlung emission spectrum of an optically thin plasma in local thermodynamic equilibrium (LTE). Figures 7 and  8 b) and d) include an assumed spectral shape of the emission-and ablator transmission-spectrum, filter transmission spectra and spectral detector response (SR type image plates). Figure 8 shows x-ray transmission and spectral response curves for penumbral imaging setups used for ablator-fuel mix measurements. These x-ray channels are tailored to either suppress or enhance line emission from Tungsten (Figure 8a-b) ) or Copper (Figure 8c-d) ) doped ablators and enable mix inferences by comparing differentially filtered x-ray penumbral images. 
SPATIAL RESOLUTION LIMITS
The spatial resolution limits for x-ray penumbral imaging on the NIF are estimated in what follows. The four main factors that limit the spatial resolution h (which are also indicated in Figure 1 ) are the detector resolution divided by the magnification (d/M), the Fresnel diffraction limit ((la) 0.5 ), the characteristic aperture transparency length (L) and the fwhm of the variation in aperture circularity (DD(q)). Calculation of L and DD(q) is described in section 3 and we assume d ~ 60 µm for the intrinsic SR-type image plate resolution. As shown in Table 1 , the spatial resolution h is then calculated via the root-mean square (RMS) of those four quantities. With that, x-ray penumbral imaging is currently Table 1 . Spatial resolution limits of x-ray penumbral imaging using image plates (IP) on the NIF (compare Figure 1) . The resulting spatial resolution limit h is calculated via the RMS of the detector resolution divided by the magnification (d/M), the Fresnel diffraction limit ((la) 0.5 ), the characteristic aperture transparency length (L) and the fwhm of the variation in aperture circularity (DD(q)). limited to about 3 µm spatial resolution, but could be improved in the future to 1 to 2 µm resolution by making use of hohlraum mounted apertures (either precision spheres or pinholes). Those have the advantage of simultaneously increasing the magnification (reducing d/M) and reducing the TCC to aperture distance a, thus reducing blurring due to Fresnel diffraction. One possible concept of realizing this is by mounting a gold or tungsten foil with penumbral apertures onto the hohlraum, at similar locations where currently backlighter foils are used (6 to 12 mm from TCC).
